Abstract :
The vibrios are widespread worldwide and ubiquitous in the aquatic environments, 44 occupying various habitats including marine, freshwater and estuarine ecosystems as well as 45 aquaculture facilities (Dalsgaard 1998; Sobecky et al. 1998; Urakawa et al. 1999; Heidelberg 46 et al. 2002; Thompson et al. 2004b) . To date, if we refer to the various banks of genomic 47 sequences and to the on-line sources of Vibrio species inventory (Association of Vibrio 48
Biologists, www.vibriobiology.net, last consultation August 20, 2012), the genus Vibrio 49 includes 135 species (Dawyndt et al. 2005) . Numerous vibrios are pathogenic for marine 50 organisms and 12 have been described as pathogenic for humans (Dalsgaard 1998; Paillard et 51 al. 2004; Thompson et al. 2004a; Austin 2010) . The sanitary and economic losses due to these 52 pathogens, particularly to the species Vibrio cholerae, Vibrio parahaemolyticus and Vibrio 53 vulnificus have been widely described (Colwell et al. 1977; DePaola et al. 2003; Oliver 2005) . 54
In the context of global climate changes, human infections caused by vibrios are expected to 55 increase with the increase of Sea Surface Temperature (Tantillo et al. 2004; Baker-Austin et 56 al. 2010; Philippart et al. 2011; Vezzulli et al. 2012) . Thus, a better understanding of the 57 natural diversity of Vibrio species and the environmental drivers of their spatial and temporal 58 evolution, are a prerequisite to address public health issues or the abnormal mortalities in 59 hatcheries and aquaculture industries. wide distribution among bacteria, must be conserved long enough to be informative to have 91 an acceptable precision in the prediction of the whole-genome. Thus, the pyrH gene, fitting 92 these criteria, constitutes a good predictor of the whole Vibrio genome and also a good 93 discriminatory target at the species level. This has been validated by other authors for the 94 identification of environmental strains (Chimetto et al. 2009; Alves et al. 2010; Gregoracci et 95 al. 2012) . Pascual et al. (2010) performed the same analysis on the 16S rRNA gene plus six 96 protein-encoding genes including two of those tested by Thompson et al. (2005) (recA, pyrH, 97 rpoD, gyrB, rctB, and toxR) and determined the toxR gene as showing the most powerful 98 taxonomic resolution within the Vibrio genus. 99
In a context of a 2-year study regarding the ecology of Vibrio populations and the 100 presence of pathogenic species in French coastal waters, we previously described a strategy 101 based on the isolation/identification of Vibrio strains at 37°C and 22°C (Tall et al. 2012) . We 102 optimized q-PCR assays and we were able to identify V. alginolyticus, V. parahaemolyticus, 103 V. vulnificus, V. cholerae and V. harveyi species. This strategy was efficient to determine the 104 culturable diversity at 37°C as 97.2% of the strains were well identified, with V. alginolyticus, 105 the major species, representing 85.9% of the strains. At this temperature, only 10 strains 106 remained to be identified. However, only 2.2% of the strains isolated at 22°C were identified 107 by q-PCR and as V. alginolyticus, leading to select the sequencing of housekeeping genes as 108 an alternative. The present study evaluates the diversity of culturable Vibrio isolated at two 109 temperatures of isolation (22°C and 37°C) on TCBS agar medium from environmental 110 samples in a coastal area. This was performed by combining q-PCR assays and the 111 sequencing of the pyrH and the toxR genes of a large number of environmental Vibrio spp. 112 
Materials and methods

115
Study area and sample collection 116
The study area, located in Northern France (English Channel, Pas de Calais, 59, 117 France), has been chosen for its contrasting coastal characteristics and water uses (Fig. 1) . The 118 first sub-area is located around industrial and human recreational activities (bathing, water 119 sports and fishing) near the cities of Gravelines and Grand-Fort Philippe. The second sub-area 120 is located around a natural restricted area (Platier d'Oye). The mean seawater temperature in 121 the area at the time of sampling (September 23 rd and 24 th , 2009) was 18.6°C (±0.2°C) and the 122 salinity ranged from 33.5 to 34.4 ppt. Seawater and surface sediments samples were collected 123 during an ebb tide and along two transects. The Transect 1 (T1) is located in front of the 124 coastal segment including human and industrial activities and the Transect 2 (T2) is located in 125 front of the natural restricted area. To study the coast-off distribution of Vibrio abundance and 126 diversity, at the two temperatures of isolation, water and sediment samples were collected 127 along both transects including four different sampling points, one at the coast and the three 128 others at 300, 1,300 and 3,000 m from the coast with mean depths of 4, 6, 9 and 23 m, 129 respectively ( Fig. 1 ). To study a depth gradient, surface and bottom seawater and surface 130 sediment were sampled at each point (except for the first point at the coast, only surface water 131 was sampled). Two liters of surface and bottom seawater were sampled at each point using a 132
Van Dorn bottle and conditioned into 2-liter sterile flasks to perform bacteriological analyses. 133
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Isolation and conservation of the strains 138
The isolation and conservation of the Vibrio strains were performed according to Tall 139 et al. (2012) . Briefly, seawater samples were filtered (0.1, 1, 10, 50 and 100 ml) onto 0.45µm-140 pore-size nitrocellulose filters (Millipore™ SA, ST Quentin Les Yvelines, France). Ten gram 141 of sediment samples were diluted in 90 ml of tryptone salt, mixed during 10 min and filtered 142 (10 to 25 ml) through similar membranes or the dilutions were directly plated. Membranes 143 and dilutions were plated onto thiosulphate-citrate-bile-salts-sucrose agar plates (TCBS, 144 Difco™, Becton Dickinson and Company, Pontde Claix, France) and incubated at 22 ± 0.2°C 145 or 37 ± 0.2°C for 48h and 24h, respectively. Twenty presumptive Vibrio single colonies 146 (yellow and green colonies) from each point were streaked onto TCBS agar and then isolated 147 on Bacto™ Heart Infusion (HI) 2% NaCl agar medium pH 7.4 (HI; Difco™, Becton 148
Dickinson and Company, Le Pont de Claix, France) to control purity. They were enriched in 149 1.5 ml HI 2% NaCl liquid medium at 22 ± 0.2°C or 37 ± 0.2°C for 24h and the cultures were 150 conserved on 96-well plates with 10% glycerol and at -80°C for further analyses. 151
DNA extraction 152
The strains DNA extracts were obtained according to Tall et al. (2012) . Briefly, the 153 strains stored at -80°C were newly cultured in a 2 ml 96-well plate containing 1.5 ml of Heart 154 Infusion 2% NaCl liquid medium per well and incubated 24h at 22°C ± 0.2°C or 37°C ± 155 0.2°C, depending on the previous isolation temperature. Bacterial cultures were centrifuged 156 Page 7 of 35   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The conditions of the following conventional PCR protocols were slightly modified 175 from those described previously by Chimetto et al. (2009) and Pascual et al. (2010) . A region 176 of the pyrH gene (440 nt) was amplified by conventional PCR using the forward primer 177 pyrH80F (5'GAT CGT ATG GCT CAA GAA G3') and the reverse primer pyrH530R 178 
Statistical and diversity analyses 223
Rarefaction curves were calculated in order to evaluate the representativeness of the 224 number of colonies isolated per point, to picture the culturable Vibrio diversity at 22°C and 225 increase in the number of species was detected when isolating more colonies. These analyses 227 were performed using the PAST v1.68 software (Hammer et al. 2001) . 228
Results 230
Diversity of Vibrio spp. revealed by sequencing 231
Three hundred and fifteen strains were isolated at 22°C and they were all confirmed as 232 belonging to the Vibrio genus by q-PCR identification. Among the strains isolated at 22°C, 233 291 (92.3%) were well identified through the partial sequencing of pyrH and could be 234 assigned to twenty Vibrio species (Fig. 2) . Vibrio celticus was the most frequently detected 235
Vibrio species, with V. atlanticus and V. chagasii (36.8%, 14% and 10.7% of the strains, 236 respectively) (Fig. 3B ). Vibrio crassostreae, V. kanaloae, V. cyclitrophicus, V. splendidus, V. 237 rotiferianus, V. harveyi and V. fischeri species represented 2.2% to 6% of the strains, with 238 more than ten strains per cluster (Fig. 3B ). Among the 24 non-identified strains after pyrH 239 partial sequencing, one strain (W2 3G12 -GenBank accession number JX401717 and 240 JX401908 for pyrH and toxR, respectively) showed 94% pyrH sequence similarity with Vibrio 241 L2 sp. nov. strain R-77 (Chimetto et al. 2009 ). The toxR partial sequencing for this strain 242
showed 98% sequence similarity with V. cyclitrophicus LMG 21580. The partial sequencing 243 of pyrH and toxR did not allow the identification at the species level of the remaining 23 244 strains (7.3% of the total strains). These 23 strains were distributed among 9 groups showing 245 different percentages of pyrH sequence similarity (85-95%) with known Vibrio species (Table  246   Page 11 of 35   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 After the q-PCR assays, only ten of the 37°C strains (n=356) remained not identified. 250
The partial sequencing of pyrH gene led to the assignment of 2 strains to the V. 251 parahaemolyticus species (97-100% sequence similarities with V. parahaemolyticus pyrH 252 sequences) (see in supplementary materials Fig. S1 ). Eight strains remained non-identified by 253 the partial sequencing of pyrH. The phylogenetic construction on the basis of the toxR gene 254 led to assign 7 strains to the V. campbelli species and a single strain (10G9) to the V. 255 communis species (see in supplementary materials Fig. S2 ). Thus, twenty three species were 256 detected among the 22°C-and 37°C-strains (20 species at 22°C, 6 species at 37°C and 3 257 species in common). The analysis of the spatial distribution of the strains, performed on the 258 phylogenetic trees obtained at 22°C and according to the origin of isolation (seawater or 259 surface sediments, Transect 1 or Transect 2), revealed that the species were not specifically 260 allocated to any of the compartments (seawater or sediment, data not shown). The diversity 261 observed at 22°C and 37°C revealed that, if V. alginolyticus was predominant among the 262 strains isolated at 37°C (85.9%), it became a minor species at 22°C, and represented only 263 1.3% of the strains (Fig. 3A and B) . Moreover, the number of Vibrio species isolated at 22°C 264 (20 species) was higher than at 37°C (5 species). Rarefaction curves for the different sampling 265 points according to the number of species detected were calculated for the two transects and 266 for the two temperatures of isolation (Fig. 4) . The estimates of species numbers indicated that 267 the sampling effort performed in this study (20 colonies per point) contributed to a good 268 The objective to determine the culturable Vibrio diversity at 37°C (potential human 272 pathogens) but also at 22°C (potential animal pathogens), was reached by combining q-PCR 273 assays and the partial sequencing of pyrH and toxR genes. Moreover, rarefaction analyses 274
showed that the diversity of culturable Vibrio at 37°C was well represented. However, the 275 culturable diversity at 22°C was underestimated at this temperature, according to the 276 rarefaction curves analyses, and suggesting that more bacterial colonies should be isolated 277 (above 40 colonies per point at least) to better represent the diversity at this temperature. 278
Consequently, q-PCR assays were not adapted for the identification of the 22°C strains, the 279 dominant species at 37°C (V. alginolyticus and V. harveyi) and the potential human pathogens 280 being under-or not represented at 22°C. The sequencing of pyrH and toxR were more suitable 281 approaches for the determination of the 22°C culturable Vibrio diversity. 282
The pyrH threshold of at least 94% sequence similarity for strains of the same species 283 (Thompson et al. 2005) could lead, in some cases, to misidentifications in Vibrio groups as it 284 was previously noticed by Pascual et al. (2010) . These authors showed that the taxonomic 285 resolution of pyrH was lower for some of the species of the Harveyi group, such as V. 286 campbellii and V. rotiferianus, since they formed a polyphyletic group. In our study, the pyrH 287 range of intraspecific and interspecific sequence similarities for the Harveyi group was 288 91.9%-100% and 81.3%-100%, respectively. This species delineation for the pyrH gene was 289 determined through the analysis of 105 Vibrio sequences, from reference and environmental 290 strains, of the Harveyi group. It revealed a low discriminatory level between the species V. 291 Vibrio species sequences in the genomic banks for the toxR gene, which is still used seldomly 306 as an identification tool for Vibrio. Another hypothesis is the presence of novel species among 307 the non-identified strains since sequence similarities were recorded below the minimum 308 intraspecies similarities of the known species. Other targets could be selected to confirm this 309 hypothesis. For example, the rpoD gene which proved to be a better phylogenetic marker than 310 pyrH (Pascual et al. 2010) and which was already used to describe novel species (Le Roux et 311 al. 2005; Dieguez et al. 2011) . Indeed, the relatedness of many Vibrio species led authors to 312 find numerous phylogenetic markers to better discriminate closely related species (Thompson 313 et al. 2007; Thompson et al. 2008) . 314 the main group at 37°C (99.5% of the strains), the Cholera group being the second one. 336
Among the 37°C strains, the predominance of V. alginolyticus in the area is consistent 337 with previous studies performed in Northern European waters (Hervio-Heath et al. 2002; 338 of their diversity and their ecology. Moreover, the dominance of pathogenic species for 360 marine organisms belonging mainly to the Splendidus group, raised the interest to explore the 361 presence and the expression of virulence markers among these species. The determination of 362 In this study, pyrH and toxR genes proved to be appropriate targets for the screening of 366 the culturable Vibrio diversity in the environment, particularly for the strains isolated at 22°C. 367
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